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Abstract This study reports the production of 
cellulose nanofibrils (CNF) from a bleached eucalyp­
tus pulp using a commercial stone grinder. Scanning 
electronic microscopy and transmission electronic 
microscopy imaging were used to reveal morpholog­
ical development of CNF at micro and nano scales, 
respectively. Two major structures were identified (1) 
highly kinked, naturally helical, and untwisted fibrils 
that serve as backbones of CNF networks, and (2) 
entangled, less distinctively kinked (or curled) and 
twisted “soft looking” nanofibrils. These two major 
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structures appeared in different features of CNF 
network such as “trees”, “net”, “flower”, single 
fibril, etc. Prolonged fibrillation can break the nano­
fibrils into nanowhiskers from the untwisted fibrils 
with high crystallinity. Energy input for mechanical 
fibrillation is on the order of 5-30 kWh/kg. The 
gradual reduction in network size of CNF with time 
may be used to fractionate CNF. 

Keywords Cellulose nanofibrils (CNF) 
Morphology · Mechanical fibrillation/grinding · 
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Introduction 

Cellulose accounts for approximately 40% of ligno­
cellulosic biomass and can be used for a variety of 
applications. As a structural material, cellulose is very 
strong and has a very strong tensile strength (Wegner 
and Jones 2009). It has been demonstrated that using 
nanocellulose, an elemental building block of cellu­
lose, can produce a variety of high performance new 
materials and products from the bottom up (Eichhorn 
et al. 2010; Habibi et al. 2010; Klemm et al. 2011; Sir6 
and Plackett 2010). However, the utility of nanocel­
lulose has not been well recognized by the broad 
scientific community. Major research efforts are 
primarily conducted by traditional wood utilization 
institutions throughout the world. 
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Lignocelluloses have a hierarchical structure and are 
a composite of cellulose, hemicelluloses, and lignin. 
Separating cellulose into its elemental form of nanofi­
brils, approximately 3-20 nm in width, is a difficult task. 
Mechanical nanofibrillation of bleached pulp has been 
successful in producing cellulose nanofibrils (CNF) 
using high pressure homogenizers pääkkö et al. 2007; 
Siró et al. 2011; Turbak et al. 1983), minofluidizers 
(Henriksson et al. 2008; Zhu et al. 2011), and grinders 
(Iwamoto et al. 2008; Iwamoto et al. 2007). However, 
mechanical fibrillation is very energy intensive. 
A fundamental understanding of the morphological 
development of cellulosic fibers during nanofibrillation 
can help to develop effective strategies for process 
improvement and facilitate fibrillation to reduce energy 
consumption. Furthermore, morphological properties 
of cellulose nanofibrils are important to a variety of 
applications, such as polymer reinforcement and nano­
fiber production through electrospinning. Depending on 
the fibrillationprocess and any pretreatment step adopted 
before mechanical fibrillation, the morphology of the 
resultant CNF can be very different. For example, 
TEMPO-mediated oxidation pretreatment can result in a 
relatively uniform network of nanofibrils (Saito et al. 
2009). The sizes and structures of nanofibril networks 
are affected by not only whether or not a particular 
pretreatment is applied before nanofibrillation, but they 
can also be affected by the degree of fibrillation, 
feedstock species, etc. Softwood pulps have been 
extensively used for CNF production (Henriksson et al. 
2008; Iwamoto et al. 2007; Nakagaito and Yano 2004; 
Tejado et al. 2012; Uetani and Yano 2011 ; Zimmermann 
et al. 2004). Softwood species have relatively simple cell 
wall structures (e.g., absent of vessels as in hardwoods), 
and relatively uniform nanofibrils (Iwamoto et al. 2007) 
and morphology (Stelte and Sanadi 2009) were produced 
through mechanical fibrillation with less mechanical 
milling than used for hardwoods to produce equivalent 
fibrillations(Stelte and Sanadi 2009). Hardwood species 
are known to have a more rigid structure than softwoods 
due to their high Runkel ratio (cell wall thickness 
divided by lumen radius). Extensive mechanical fibril­
lation is required to open the spirally layered S1 
secondary wall to access the inner S2 layer (Law et al. 
1985; Marton et al. 1979) to facilitate CNF production. 
Therefore, morphological development of hardwood 
cellulose for CNF production is interesting; however, 
limited studies were conducted, especially under exten­
sive fibrillation conditions. 

The objective of this study is to conduct an 
examination of the morphologies of cellulose nanofi­
brils produced through direct mechanical fibrillation 
using a bleached hardwood eucalyptus kraft pulp. 
Kraft bleached pulp is less expensive and has a higher 
hemicellulose content than dissolving pulp used in 
many literature studies (Henriksson et al. 2008; 
Iwamoto et al. 2007; Stelte and Sanadi 2009). 
Fibrillation was extended much longer than those 
reported using dissolving pulp (Henriksson et al. 
2008; Iwamoto et al. 2007; Stelte and Sanadi 2009). 
The fibrillation was conducted using a commercial 
grinder with a stone disk. This type of mechanical 
fibrillation method was chosen for its potential for 
commercial scale-up. Samples were taken periodi­
cally throughout the fibrillation process. Morpholog­
ical appearance of the samples was extensively 
examined by SEM and TEM to reveal the ultra-fine­
structure of CNF that has not been shown in detail in 
previous studies (Henriksson et al. 2008; Iwamoto 
et al. 2007; Nakagaito and Yano 2004; Stelte and 
Sanadi 2009). Time-dependent energy consumption 
profiles for fibrillation were recorded to investigate the 
effects of energy input on the degree of polymeriza­
tion and crystallinity index of the resultant nanofibrils. 
The goal of this study is to provide a basic under­
standing of CNF properties to the broad material 
scientist and nanotechnology research communities 
for potential large volume and high value utilization. 

Materials and methods 

Material 

Bleached dry lap eucalyptus kraft pulp was obtained 
from a commercial source (Aracruz Cellulose, Brazil). 
The pulp was first soaked in deionized water overnight 
and then disintegrated in a lab disintegrator (TMI, 
Ronkonkoma, NY) after 10,000 revolutions. The 
chemical composition of the pulp was: 78.1 ± 1.0 % 
glucan, 15.3 ± 0.6 % xylan, 0.7 ± 0.1 % Klason 
lignin, respectively. 

Mechanical nanofibrillation 

The eucalyptus pulp was fibrillated at suspension 
solids consistency of 2 % (w/w) using a SuperMass-
Colloider (Model: MKZA6-2, Disk Model: MKGA6-
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80#, Masuko Sangyo Co., Ltd, Japan) at 1,500 rpm. 
The SuperMassCollider is equipped with a power 
meter to record electrical energy input. Two stone 
grinding disks were positioned on top of each other. 
The bottom disk rotates while the top one is stationary. 
Pulp feeding was achieved by gravity. A hydraulic 
pressure head can also be developed for runs with 
large capacity when the flow loop is properly 
constructed. The gap of the two disks was adjusted 
to - 100 µm from motion zero position after pulp was 
loaded. The motion zero position was determined right 
at the contact position between the two grinding disks 
before loading the pulp. Due to the presence of pulp, 
there is no direct contact between the two grinding 
stones even at a negative setting of disk position. Pulp 
suspension was fed into the disk grinder continuously 
through a loop consisting of a peristaltic pump (Cole 
Parmer, Chicago, IL) and plastic tubing. The fibril­
lated pulp was sampled periodically and time-depen­
dent energy consumption was recorded using a power 
meter. 

Electron microscopy 

Specimens for scanning electron microscopy (SEM) 
were prepared by drying drops of the aqueous slurry 
on polished aluminum mounts. All SEM samples were 
sputter-coated with gold to provide adequate conduc­
tivity. Samples were imaged and photographed using a 
Leo EVO 40 SEM. Aqueous fractionated (by centri­
fuge) and unfractionated CNF samples taken at 
different fibrillation times were diluted to solids 
consistency of approximately 0.1 % and analyzed by 
TEM. Each aqueous sample was adsorbed to freshly 
glow-discharged carbon-coated grids for 30 s, then 
rinsed with water and negatively stained with 0.5 % 
uranyl acetate. Images were recorded on a Hitachi 
H7650 microscope at 80 kV with a 2 × 2 k AMT 
CCD camera. 

Degree of polymerization and crystallinity index 

Viscosity of resulting nanofibrillated cellulose was 
measured according to TAPPI Standard Method T230 
om-99. Degree of polymerization (DP) of nanofibril­
lated cellulose was calculated by following formula: 
DP0.905 = 0.75(954 log (X ) - 325), where X is vis­
cosity (Mazumder et al. 2000). Crystallinity of nano­
fibrillated cellulose was measured by a Bruker RFS 

1,000 Spectrometer (Bruker Instruments Inc., Bille­
rica, Massachusetts) (Agarwal et al. 2010). The 
method is based upon the band intensity ratio 
380/1096 obtained from the FT-Raman spectrum of 
the sample. 

Fractionation of fibrillated cellulose 

An attempt was made to fractionate large network 
fibrillated cellulose from the small ones using a 
centrifuge technique (Bai et al. 2009). The fibrillated 
cellulose sample was first diluted to 0.2 % (w/w). The 
diluted suspension was continuously stirred for 1 h 
and then centrifuged at 1,000 rpm for 15 min in a 
centrifuge (Model 8 K MarathonTM, Roter 220.42v01, 
Fisher Scientific,Pittsburgh, PA). The consistencies of 
nanofibrillated cellulose before and after centrifuge 
were determined by a chemical oxygen demand 
(COD) method (Franson 1985) assuming detected 
organic materials were (C6H10O5)n. Commercial COD 
test kits (Biosciences, Inc., Bethlehem, PA) were used 
to digest an aliquot of fibrillated cellulose. COD was 
measured from the amount of chromium consumed 
using the spectral intensity of the digested sample at 
600 nm, i.e., COD (mg/L) = 3,410.2 × I600. The 
mass of cellulose can be calculated mC6H10O5(mg/L) = 
COD/1.185 = 2,877.6 × I600 based on calibration. 

Results and discussions 

Morphological development of cellulose fibrils: 
SEM examination 

The original bleached eucalyptus pulp fibers have an 
average length of 0.8 mm with an average width of 
slightly below 20 micrometers as measured by a fiber 
analyzer (FQA, Optest, Canada). A SEM image of the 
fibers is shown in Fig. 1. A pulp suspension of 
approximately 2 % was fed into the SuperMassCol­
loider and was dispersed by centrifugal force into the 
clearance between the two stone disks and subjected to 
compressive, shearing and friction forces. Compres­
sion forces tend to drive internal fiber fibrillations to 
break the crosslinks between fibrils and cause fiber 
delamination (Dekker 2003; H a m a n  1985; Kerekes 
2005). Abrasive shear and friction forces can cause 
external fibrillation to increase fiber external surface 
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area by cutting fibers and producing hairs or fibrils 
from the fiber surface (Hartman 1985; Kerekes 2005), 
which can be clearly seen in the early stage of milling 
from SEM imaging (Fig. 2a) The break-up of the cell 
wall by external fibrillation and delamination of the S2 
layer to produce nanofibrils through internal fibrilla­
tion are best illustrated in Fig. 2b. Some parts of the 
cell wall still heald together in some regions while 
internal fibril delamination occurred where the outer 
cell wall (can be S1 and P layer was removed The 
external fibrillanon resulted in cell wall fragments 
(Fig. 2b). Furthermore, some fragments were from 
broken P or S1 layers as previously reported using 

Fig. 1 A SEM image of the unbibrillated bleached eucalyptus 
optical microcopy(Uetani and Yano 2011) and may 

pulp (BEP) fibers. Scales = 100 µm. have S2 layer attached (Fig. 2b). This is evidenced 

Fig. 2 SEM or FE-SEM images of fibrillated fibers. a Fiber scale = 5 µm; c FE-SEM: cell wall fragment and submicron 
breakup, fibrillation time = 0.5 h, scale = 20 µm; b FE-SEM: fibrils, fibrillation time = 3 h, scale = 10 µm; d Fibril separa­
external and internal fibrillation, fibrillation time = 3 h, tion to nanofibrils, fibrillation time = 5 h, scale = 1 µm 
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from the relatively straight fibrils seen from some cell 
wall fragments (Fig. 2c). Optical microscopy indi­
cates that fibers with pits can be easily broken into 
fragments (Uetani and Yano 2011). Eucalyptus, as a 
hardwood, has a significant amount of vessel elements 
that are highly pitted, and therefore can be easily 
fragmented. Internal delamination resulted in sepa­
rated microfibers or submicron fibrils (Fig. 2b, c) and 
the separation of the fibrils within the fragments. The 
microfibers or fibrils can be curled due to latency 
produced by mechanical shearing (Fig. 2c). The 
shearing motion can also orient the microfibers or 
nanofibrils to different directions to cross over as 
backbones of networks. 

Fragmentation and delamination continued as 
fibrillation proceeded further. Large fragments disap­
peared, which released nano-sized S1 and P layer 
fibrils (spiral) and S2 layer fibrils (Fig. 2d). Some 
highly entangled and partially or completely fibrillated 
nanofibrils cannot be distinguished under SEM with 
limited dispersion and resolution; these were exam­
ined by TEM. 

The formation of nanofibril network TEM 
examination 

SEM imaging focused on examining large structures 
of fibrillated cellulose. Small or nanoscale cellulose 
structures are obscured in unfractionated samples and 
therefore undetectable by SEM due to resolution. 
TEM imaging can zoom into the nanofibril network to 
provide clear visualization of ultra-fine morphological 
development during mechanical fibrillation without 
concerning the large structure of the fibrillated cellu­
lose. TEM imaging can be subjective and cannot 
predict whether an observed ultra-fine structure fea­
ture is dominant or typical. However, TEM can reveal 
the details of the entangled micro- or nanofibrils and 
the “backbone” structural fibrils observed from SEM 
at low magnifications (Fig. 3a, b). Details of the two 
nano-scale structures of “backbone” fibrils and the 
entangled or curled and completely twisted nanofibrils 
can be seen from Fig. 3b. The image in Fig. 3a was 
obtained from an unfractionated sample taken after 
11 h of fibrillation, showing large sized nanofibril 

Fig. 3 TEM images of CNF network structure a A low magification TEM image of a CNF network, fibrillation time = 11 h, 
scale = 2 µm; b Details of the untwisted backbone fibrils entangles by twisted nanofibrils scale = 100 nm 
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networks still present even after prolonged mechanical Fig.4 TEM images show different types of CNF nanostruc- t 

fibrillation. The dimension of Fig. 3a is on the order of 	 ture. a Tree, scale = 500 nm, 3 h: b net scale = 500 nm, 7 h 
c flower or torch, scale = 500 nm, 1 h; d blooming tree,20 µm, the same as the fiber width of the original scale = 500 nm, 7 h: e ghost scale = 500 nm, 9 h: f single

unfibrillated bleached eucalyptus pulp. fibril, scale = 500 nm, 7 h 
The two main structures produced various ultra-fine 

features of the CNF network as can be visually 
described as “tree” (Fig. 4a), “net” (Fig. 4b), 
“flower” or “torch” (Fig. 4c), “blooming tree’’ 
(Fig. 4d), “ghost” (Fig. 4e), and isolated nanofibril 
(Fig. 4f) .  The various morphologies were not neces­
sarily restricted to a particular set of CNF production 
conditions; multiple features could be potentially 
found within the same sample. These structural 
features are described below in detail: 

1. 	 The “tree” feature was formed primarily by the 
internal fibrillation of submicron or large nanofi­
brils of several hundred nanometers to small 
nanofibrils of 10-30 nm, and further separation to 
approximately 5-20nm (Fig. 4a). The small nano­
fibrils, approximately10 nm, were highly kinked 
and probably resulted from external fibrillation. 
The fibril separation caused by internal fibrillation 
can be better observed from Fig. 5a inwhich a large 
nanofibril of approximately 250 nm was separated 
into 30 nm fibrils and continued separation into 
10 nm fibrils. The ultra-fine details of the kinked 
and naturally helical small nanofibrils can also be 
better seen from Fig. 5b where separated kinked 
fibrils at the elemental level of 3-5 nm were 
present. The length ofthe shortest segment between 
two adjacent kinks is on the order of 50-100 nm 
(Figs. 4a, 5b), approximately equal to the reported 
length of elemental crystallite, 60 nm (Stamm 
1964). This suggests that the shortest segment 
between two adjacent kinks represents the elemen­
tal crystallite ofthe cellulose, and kinks appeared in 
the amorphous region of the cellulose chain. 

2. 	 The “net” feature was from the cross over backbone 
fibrils of different scales and the completely twisted 
and curled nanofibrils that entangled the backbone 
fibrils (Fig. 4b). The splitting ofthe backbone fibrils 
by internal fibrillation to approximately 20-50 nm 
can also be clearly seen to complicate the net 
structure. The details of the curled and entangled 
nanofibrils will be discussed below. 

3. 	 The “flower” or “torch” feature was formed by 
several backbone fibrils on a different scale as 
the “stem” of the “flower” or the “holder” of the 

“torch’ and the completely entangled and highly 
twisted and curled nanofibrils (Fig. 4c). The 
details of the completely entangled and highly 
twisted and curled nanofibrils can be better 
observed from Fig. 5c. Partial segmental separa­
tion of the elemental fibrils of 3-5 nm between 
adjacent kinks can be seen. It appears that the 
unseparated fibrils are also kinked but with 
relatively less sharp kinks. Furthermore, the 
segment length between two adjacent kinks is 
the order of 30-60 nm (Fig. 5c), shorter than 
those observed from the untwisted nanofibrils 
(Fig. 5b). As a result, the feature appears “soft” 
and “flower” like. This “soft looking” entangled 
fibril structure is different from another type of 
highly entangled, kinked and naturally helical but 
not twisted nanofibril as may appear in the “tree” 
feature shown in Fig. 5d. The typical separation 
between two adjacent kinks is approximately 
50-100 nm (Fig. 5d), similar to the segment 
length observed from the unentangled “tree” 
feature shown in Fig. 4a, and approximately equal 
to the reported length of the elemental crystallite 
(Stamm 1964). 

4 	 The “blooming tree’’ feature consists of “tree” 
and “flower” as a “blooming tree”. As shown in 
Fig. 4d, the top part is a “tree” feature with 
kinked and naturally helical but not twisted 
nanofibrils and the middle and bottom parts have 
highly curled and twisted nanofibrils as “flow­
ers”. The backbone fibrils serve as tree branches. 
The image in Fig. 4d indicates that the highly 
twisted “soft looking” nanofibrils and untwisted 
and kinked and naturally helical nanofibrils 
originated from different parts of a fiber cell wall. 
It is possible that the “soft looking” feature was 
the released from part of the cell wall with 
different properties from those backbone fibrils. 
For example, the P and S1 layers have lower 
cellulose and higher hemicellulose contents than 
the S2 layer (Panshin and de Zeeuw 1980), i.e., 
fibrils in the P and S1 layers are more amorphous 
than those in the S2 layer. It has been suggested 
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5. 

6. 

“soft looking flower” structure may be formed 
from nanofibrils with large amorphous regions or 
high hemicellulose content and therefore low 
average crystallinity, such as those from the P and 
S1 layers. The “tree” feature and the entangled 
but untwisted structure shown in Fig. 5d may be 
from nanofibrils with low hemicellulose content, 
and therefore with sharper kinks and higher 
average crystallinity than those “soft looking” 
fibrils. 
The “ghost” feature is essentially broken away, 
highly twisted and entangled “soft looking” 
nanofibrils from major backbone fibrils (Fig. 4e). 
Small backbones can still be seen. The image in 
Fig. 4e also shows a “flower” sticking out of the 
“ghost” body connected with a small backbone 
fibril. 
Isolated stick fibrils are simply broken, untwisted 
nanofibrils from the network without many kinks, 
as shown in Fig. 4f. This isolated fibril may be 
further separated or split into small scales as 
shown in Fig. 5a, b. 

The formation of nanowhiskers: TEM examination 

It is very interesting to notice that long duration 
fibrillation can completely break up the fibril network 
to result in a very unique nanowhisker structure as 
shown in (Fig. 6a, b). The nanowhiskers are approx­
imately 250 nm in length and 20 nm in diameter 
(Fig. 6b). Whiskers made of single elemental fibrils 
(crystallites), i.e., diameter of 3-5 nm, are also present 
(Fig. 6b). From the fact that long fibrils appeared in 
the early stage of whiskerization are not twisted or 
entangled (Fig. 6a), we hypothesize that the nano­
whiskers were derived from the untwisted and natu­
rally helical nanofibrils in Fig. 5b, d, rather than from 
twisted “soft looking” fibrils shown in Fig. 5c. As 
discussed in the previous section, the untwisted 
nanofibrils are stiffer and may be more crystalline, 
while the twisted “soft looking” fibrils are less stiff 
and may be more amorphous. Therefore, the nano­
whiskers may have high crystallinity. This may prove 
a mechanical approach to produce cellulose nano­
crystals (CNCs). 

Fig. 6 Nanowhisker structure both obtained at 11 h fibrillation. a Early stage of nanowhiskering with the presence of long 
nanofibrils, scale = 100 nm; b nanowhiskers without nanofibrils, scale = 500 nm 
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Quantitative imaging analysis of cellulose 
nanofibrils and nanowhiskers 

Quantitative imaging analyses were conducted using 
Image-Pro Plus software (Media Cybernetics, Silver 
Spring,USA) to determine the diameters of nanofibrils 
and the lengths of the nanowhiskers. Seventy-one (71) 
and 161 diameter measurements and 51 length mea­
surements were manually taken from the images 
shown in Figs. 2d, 4a and 6b, respectively. The 
distribution of fibril diameter and whisker length were 
calculated and shown in Fig. 7a-c, respectively. The 
results indicated that SEM imaging is only able to 
resolve large fibrils with a diameter of 100 nm or more 
(Fig. 7a), while TEM imaging can resolve nanofibrils 
tens of nanometers in diameter and even elemental 
fibrils of 3-5 nm in diameter (Fig. 7b). The lengths of 
the nanowhiskers are on the order of several hundred 
nanometers (Fig. 7c). The lengths of short nanowhis­
kers are approximately equal to the reported length of 
single cellulose crystallite of 60 nm (Stamm 1964). 
This supports the hypothesis that the nanowhiskers 
(Fig. 6a, b) are highly crystalline. 

CNF fractionation by centrifuge 

Increased fibrillation time tends to reduce the size of the 
of CNF structure in general. For example, the nano­
whisker structure shown in Fig. 6a, b was observed 
from a sample fibrillated for 11 h. However, large sized 
CNF structures still exist even after prolonged fibrilla­
tion. For example, the large network structure shown in 
Fig. 3a was from a sample taken after 11 h of 
fibrillation. Operators of TEMs can sometimes selec­
tively look for certain features, which makes quantita­
tive analysis of morphological features, such as size, 
unreliable and biased. When comparing all TEM 
images of a supernatant fraction with the corresponding 
precipitated fraction derived from centrifugation at 
200×g , it appears that relatively more isolated fibrils 
were observed from the supernatant fraction than in the 
precipitated fraction. This suggests that the results from 
centrifugation may be used as one way to quantitatively 
characterize the size of the CNF network. We correlated 
the electrical energy input to the SuperMassColloider to 
the fraction of the supernatant of total CNF. The results 

Fig. 7 Distributions of fibril diameters and nanowhisker length
indicate that the supernatant fraction increased almost from imaging analyses. a From Fig. 2d: b from Fig. 4a: c from 
linearly with fibrillation energy and then reaches an Fig. 6b 
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Fig. 8 Effect of electric energy input on mass fraction of CNF 
in the supernatant 

asymptotic value of approximately 40 % (Fig. 8). This 
suggests that the effectiveness of nanofibrillation for the 
given grinder and disk pattern has reached its limit. 
Further studies need to be carried out using different 
CNF samples as well as different centrifuge conditions 
to examining the validity of this approach for CNF size 
characterization. 

Effect of energy input on physico-chemical 
properties of CNF 

Electric energy consumption for fibrillationwas found to 
increase almost linearly with fibrillationtime as shown in 
Fig. 9. The amount of energy consumed was comparable 
with the data reported in the literature (Siró and Plackett 

Fig. 10 DP and crystallinity index of nanofibrillated cellulose 
as a function of electric energy input 

2010). The results suggestthat nanocellulose production 
is very energy intensive and on the order of 5-40 kwh/kg 
when using bleached pulp by direct mechanical fibril­
lation. Heat generated by friction during fibrillation 
evaporated water, resulting in an increase in cellulose 
suspension consistency from the initial value of 2 to 
3.2 % after 11 h (Fig. 9). The increase in solids 
consistency increased specific fibrillation energy as can 
be seen from the increased slope of time-dependent 
electric energy consumption curve (Fig. 9). 

Degree of polymerization (DP) and crystallinity are 
the two most important physico-chemical properties 
of nanofibrillated cellulose. Mechanical grinding 
physically destroyed cellulose crystals and broke 
cellulose chains, resulting in small crystals with short 
chain length. The DP of the fibrillated cellulose 
decreased linearly with electric energy input from 
approximately 850 to 550 after 11 h of mechanical 
fibrillation. The crystallinity decreased rapidly ini­
tially from 62 to 50 with fibrillation and continued to 
decrease slowly to approximately 40 (Fig. 10). 

Conclusions 

A bleached eucalyptus pulp was mechanically fibrillated 
to nanocellulose using a commercial stone grinder at an 
electrical energy input between 5 and 30 kWh/kg 
Mechanical shearing and compressionmotions produced 
external and internal fibrillation, respectively, to break 
up the fiber cell wall into fragments as well as fines or 

Fig. 9 Time-dependent cumulative electric energy consump- microfibers on the order of 1-10 µm. Continued fibril­
tion and CNF pulp suspension consistency lation resulted in further fragmentation of the cell wall 
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and separation of microfibers, which produced micro 
andnanofibrils at scales ofsubmicron, hundred, tens, and 
even a few nanometers-elemental fibrils. The resultant 
cellulose nanofibril (CNF) networks have two major 
structures: (1) highly kinked, naturally helical, but not 
twisted fibrils. Shearing motion disoriented these 
untwisted fibrils as backbones of CNF networks. (2) 
“soft looking” fibrils to completely entangle the fibril 
network. These fibrils are highly twisted and curled (or 
less distinctively kinked). The backbone and “soft 
looking” fibrils appears in different features of a CNF 
network, such as “tree”, “flower” or “torch”, “bloom­
ing tree”, “ghost”, etc. The untwisted nanofibrils may be 
originated from stiff or relatively crystalline cellulose 
with very small amorphous regions, such as the S2 layer 
with low hemicellulose content, while the twisted “soft 
looking” fibrils may be from the outer layers with 
relatively low cellulose and high hemicellulose content 
and large amorphous regions. A unique nanowhisker 
structure was also observed after prolonged fibrillation. 
It appears the nanowhiskers resulted from the untwisted 
nanofibrils and are more crystalline. 

The bulk CNF network size gradually decreased 
with mechanical fibrillation time. As a result, centri­
fuging can statistically fractionate small nanofibril 
networks from large ones. Furthermore, the average 
DP and crystallinity index of the fibrillated cellulose 
decreased with fibrillation time and energy input. 
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